Abstract
Results
Low concentrations of NH 4 Cl (0.1-4 mM) produce short temporal effects on network activity. Application of 5-8 mM NH 4 Cl: invariably transforms diverse network firing regimen to identical burst patterns, characterized by substantial neuronal membrane depolarization at plateau phase of potential and high-amplitude Ca 2+ -oscillations; raises frequency and aver- oscillations. Accelerated network activity may be suppressed by the blockade of NMDA or AMPA/kainate-receptors or by overactivation of AMPA/kainite-receptors. Ammonia still activate neuronal firing in the presence of GABA(A) receptors antagonist bicuculline, indicating that «disinhibition phenomenon» is not implicated in the mechanisms of networks acceleration. Network activity may also be slowed down by glycine, agonists of metabotropic inhibitory receptors, betaine, L-carnitine, L-arginine, etc.
Introduction
It has long been known that the excess of ammonia (sum of NH 3 and NH 4 + )can lead to lethargy, convulsions, ataxia and coma in patients with hepatic encephalopathy (HE) [1, 2] . On animal models of hyperammonemia, i. p. injections of lethal doses of ammonium acetate or NH 4 Cl may result in initial agitation and drowsiness, followed by clonic and tonic seizures, coma and animal death within 10-20 min [3] [4] [5] . The history of research in this field began in the 1890s from seminal works of Pavlov's group [6] [7] [8] , who modified liver fistula developed in 1877 by Nikolai Eck [9] and described neurological alterations at portacaval shunting.
Since then a lot of attempts have been made to find effective methods of ammonia neurotoxicity prevention. Modern approaches in the treatment of patients with acute or chronic HE might be divided into two types of strategies, including: «ammonia lowering strategies» and «counteracting or neuroprotective strategies». «Ammonia lowering strategies» are based on the suppression of ammonia production by gut flora (lactulose and antibiotics) and on the activation of ammonia consuming reactions (urea cycle and glutamine synthetase). These strategies represent core elements in the existing options of HE treatment during last fifty years [10] [11] [12] [13] [14] . Compositions of L-ornithine-L-aspartate, L-ornithine-α-ketoglutarate or L-ornithine-phenylacetate, etc. are often used to activate urea cycle and glutamine synthetase and to trap ammonia and glutamine [11] [12] [13] [14] [15] . «Counteracting or neuroprotective» strategies, which have been put forward over this period of time, were developed on cellular and animal models and have yet to be tested in clinical trials. Most of these strategies are based on the suppression of numerous cellular targets activated by ammonium ions, including glutamine synthetase, NADPH-oxidases or MAP kinases, nitric oxide synthases, numerous potassium channels and transporters, NMDA-receptor, etc. [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] . These «inhibitory» strategies are directed to prevent the consequences of ammonia neurotoxicity.
Astrocytes are considered as main targets and mediators of ammonia toxicity in the brain [29] [30] [31] [32] [33] [34] [35] . It is well known that at hyperammonemic conditions the suppression of glutamine synthesis in astrocyte may result in: partial animal survival [16, 17, 24] , attenuation of increased extracellular potassium and amelioration of brain edema [24] . The inhibitors of lactate synthesis also may reduce edema and brain water content in bile duct ligated rats [23] . The blockade of NMDA receptors may also prevent or delay the death of animals, treated with lethal doses of ammonia [25, 26] . Systemic application of the inhibitors of NO synthesis display controversial results [27, 28] .
No doubt that these «inhibitory» strategies, being aimed at the suppression of key elements of various signaling or metabolic systems, should have some restrictions in their application for ammonia neurotoxicity prevention. The applying of such inhibitors and antagonists in clinical practice apparently may be limited by their side effects.
Beside well defined alterations in metabolic and signaling systems of astrocytes [29] [30] [31] [32] [33] [34] [35] , prominent changes in cooperation of different neurotransmitter systems are also observed under hyperammonemia. Excessive activation of NMDA-receptors [25, 26] and transformation of GABAergic tone [34, 35] in neural networks may also involved in the pathogenesis of HE at acute liver failure (ALF). Molecular mechanisms underlying these processes are poorly studied yet.
In the beginning of 70 th it was shown that, ammonia may block GABA and glycine mediated neuronal synaptic transmission (depression of postsynaptic inhibition), resulting in disinhibition and alteration of cortical functions [36, 37] . Long lasting application of ammonia slowly suppressed and then transformed hyperpolarizing GABA and glycine mediated action into depolarizing [38] . It was assumed, that observed «disinhibition phenomenon» (i.e. diminished GABAergic tone) may explain acute convulsant action of ammonia [39] and possible involvement of GABA(A) receptors blockade in myoclonus and convulsive seizures [40] . GABAergic neurosteroids (i.e. «endogenous benzodiazepines») are also considered as important factors, contributing to altered GABAergic tone at ALF and acute hyperammonemia. The rise in neurosteroids and GABAergic tone, according to some authors, may result in the development of brain edema and coma [34] and in the alterations of NMDA and GABA-dependent transmission [41, 42] . According to latest data, alteration of GABAergic transmission at hyperammonemic conditions may be realized on the basis of alternative mechanism. Ammonia is regarded as an agent, which may impair astrocyte potassium buffering, with following depolarizing action of GABA, neuronal network disinhibition and seizures [35] .
The studies of ammonia toxicity on neural circuits are very limited and contradictory. It was shown only in recent time [43] , that ammonia induces robust activation of neuronal network grown on microelectrode arrays, causing an increase of neuronal network activity and implicating NMDA receptors. Inhibitors of astrocyte glutamine synthesis or of NMDA receptors prevented network activation and protected these neuronal circuits against dysregulation produced by NH 4 Cl [43] .
Our preliminary results, obtained on neuronal and astrocyte cocultures in vitro, show that ammonia invariably accelerates and transforms (unifies) neuronal network firing patterns implicating glutamate ionotropic receptors [44] .
The main objectives of present work are to demonstrate that:
-some critical concentrations of ammonium ions may create bursting regimes combined with the acceleration of neuronal networks firing, implicating ionotropic glutamate receptors, but having preserved direct mode operation of GABA and glycine receptors and the activities of group of inhibitory metabotropic receptors;
-amplification of feedback control in the networks, based on reinforcement of functioning of various inhibitory receptors in the system, may result in suppression of networks hyperactivation, and might be used as the background in the search of new methods of pharmacological correction of hyperammonemic state.
Materials and Methods
All animal studies were performed in accordance with the legal requirements and were approved by the Animal -free Hank's solution) was added to pellet to cover whole tissue. The preparation was incubated in B27-supplemented neurobasal medium for 15 min at the 37°C with constant mixing on the thermo shaker at the 600 rpm. Then, trypsin was inactivated by equal volume of cold embryo serum, and preparation was centrifuged at 300×g for 5 min. To remove trypsin, cells were doubly centrifuged in the neurobasal medium. Then, cells were resuspended in this medium with addition of glutamine (0.5 mM), B-27 (2%) and gentamicin (20 g/ml). 200 μl suspension was put in glass ring with internal diameter of 6 mm standing on the round coverslip of 25 mm diameter (VWR International) covered by poly-l-lysine (one hippocampus to five glasses). Preparations were put in the CO 2 -incubator at the 37°C for 5h for cells attachment. After cells attachment, the cell culture glass rings were removed. Cultured medium (2/3 volume) was replaced every 3 days. The density of plated cells was 15000 cells/sqÁcm. The neuronal cell cultures at the ages 5-7 or 12-22 days in vitro (DIV) were used in most experiments.
The changes in Ca
2+
-fluorescence signal in some way follow the voltage trajectory of each burst waveform of individual cell ([47-49; but see [50] ). In this way arising network regimes could also be effectively monitored and characterized by registering Ca 2+ -signals of all cells implicated in the networks.
Perforated whole-cell patch-clamp recording technique
Membrane currents from neurons loaded with Fura-2 am were recorded at 26°C with an Axopatch 200 B amplifier (Axon instruments) in the perforated patch-clamp configuration using pore-forming antibiotics nystatin. Nystatin stock (30 mM in Me2SO; Sigma) was prepared before each experiment, and used for up to 6 h after preparation. Data were digitized by a Lownoise Data Acquisition System (Axon DigiData 1440A digitizer) with pCLAMP 10 software from Axon Instruments (USA).
Fluorescence measurements
To measure intercellular Ca
2+
, and pH i we used the Carl Zeiss Cell Observer on the basis of inverted motorized microscope Axiovert 200M with high-speed monochrome CCD-camera AxioCam HSm and with high-speed light filters replacing system, Ludl MAC5000. For Fura-2 excitation and registration, we used filter set 21HE (Carl Zeiss, Germany) with excitation filters BP340/30 and BP387/15, beam splitter FT-409 and emission filter BP510/90, objective lens Plan-Neofluar 10×/0.3, excitation light source HBO 103 W/2. Calcium responses were recorded with double wavelength fluorescent probe Fura-2. Neurons were loaded with the probe dissolved in Hanks balanced salt solution (HBSS) composed of (mM): 156 NaCl, 3 KCl, 2 MgSO 4 , 1.25 KH 2 PO 4 , 2 CaCl 2 , 10 glucose and 10 HEPES, pH 7.4, at a final concentration of Fura-2 5 μM at 37°C for 40 min with subsequent 15 min washout. L-arginine (0.2 mM) was included in the medium. Changes in intracellular pHi were registered with dual-excitation ratiometric pHi dye indicator carboxy SNARF-1. Dye loading was performed according to the method described in [51] . Reagents applications were made in a continuous flow of HBSS solution by means of a special perfusion system that allows a quick replacement of the bathing solution. The experiments were performed by using 2-5 coverslips from 2-3 different cell cultures. N represents the number of cells implicated into network. n-number of the experiments. Examining 20 ms, 200 ms and 1 s frame rates, we selected 1 s sampling interval to filter out fast calcium fluctuations, register significant fluorescence changes and to avoid photobleaching effects. Calcium increment (VCi = ΔCa/min) was determined as area under curve above baseline (resting) calcium level (ΔCa), per unit of time. All animal studies were performed in accordance with the legal requirements and were approved by the Animal Ethic Committees of both institutes.
Results

Transformation of Neuronal Network Firing Produced by NH 4 Cl
Ammonium chloride effects are concentration dependent. In our experiments with dye loaded cells we usually can monitor network activity within 20-60 min. Application of 0.1-4 mM of NH 4 Cl (Fig 1) -oscillations (Fig 1B, black line) , without any changes in astrocyte Ca 2+ -signaling (Fig 1B, grey line) . Such events we observed in 15% of cultures tested (3 of 20 cultures). Activation of neuronal networks by 2 mM NH 4 Cl also may evoke one burst Ca 2+ -oscillations (Fig 1C, black line) , which may be accompanied by some temporal elevation in astrocyte Ca 2+ -signaling ( Fig 1C, grey line) . Higher concentrations of ammonium ions increase the probability of such transformation. In some spontaneously firing cultures (3 of 12 cultures) 3 mM NH 4 Cl may create one or several bursts of Ca
2+
-oscillations in neurons (Fig 1D) with visible sustained increase in intracellular Ca 2+ in neurons ( Fig 1D) and astrocytes (Fig 1F) , which is preserved after cessation of Ca 2+ -oscillations. This calcium rise over its initial resting level in representative astrocyte (Fig 1F) is in some correspondence with calcium increment observed in hippocampal astrocytes, after application of 1-5 mM NH 4 + /NH 3 to hippocampal slices [33] . Nevertheless in our experiments registered changes in calcium concentrations in astrocytes are several times lower than corresponding values for neuronal cells during period of burst of Ca 2+ -oscillations (Fig 1D and 1F ). Note also, that significant differences in the responses of neurons ( Fig 1D) and astrocytes ( Fig 1F) to depolarizing action of 35 mM KCl is observed in our cultures. Application of 4 mM NH 4 Cl may generate stable impulse-shaped Ca 2+ -oscillations in 60% (n = 10) of networks tested (Fig 1E) . NH 4 Cl, being applied at concentrations of 5-6 mM or higher, invariably accelerates Ca 2+ -oscillations in most of our neuronal networks. Nevertheless we selected for part of our experiments rather high concentration of NH 4 Cl equal to 8 mM (Figs 2A-2C and 3A), to have stable reproducible effects and to show that even at such conditions negative feedback control may still operate in the networks tested. Our results about concentration dependent effects of ammonia are in some accordance with the results of experiments performed by Swartz and co authors on in vitro cortical neuronal networks grown on multielectrode arrays [43] . These studies have shown that application of 5 mM NH 4 Cl resulted in short-lived activation of network. Lower concentrations NH 4 Cl (0.5-2 mM) aroused delayed burst firing only after 24 hours of preincubation. Application of 10 mM NH 4 Cl in these experiments was characterized by stable immediate doubling of firing activity of network [43] . Apparently long-lasting preincubation is required for some kind of network sensitization to low doses of ammonium ions. We were interested in the study of acute toxic effects of ammonium ions.
NH 4 Cl unifies calcium oscillations and increases average calcium level. Comparison with bicuculline. Ammonia accelerates and unifies oscillatory regimes independently of initial state of network, (Fig 2A, 2B and 2C ). These records are typical oscillatory regimes and characterize one representative cell of 93-96% of the cells implicated in the networks.
Neuronal networks may display 5 to 10 times changes in firing activity after application of of NH 4 Cl. The network presented on Fig 2A has initial period of Ca 2+ -oscillations equal to 100 s. After ammonia application this network switches into regime, which is characterized by Ca 2+ -oscillations with interspike intervals ranging from 3 to 7 s, soon after ammonia application, and to 10-12 s intervals after 30 min of recordings. Second and third examples describe the networks, which display complex spontaneous multimodal Ca 2+ -oscillations (Fig 2B and  2C ). Ammonia transforms all these complex oscillatory regimes into impulse-shaped Ca 2+ -oscillations, with interspike intervals ranging from 2 to 6 s ( Fig 2B) and from 10 to 15 s ( Fig  2C) immediately and 10-15 minutes after ammonia addition, respectively. Note, that in our experiments the transformation of network activity produced by GABA (A) receptors antagonist bicuculline is not characterized by the acceleration of Ca 2+ -oscillations and by rise in VCi (Fig 2D) , as it produced by ammonia (Fig 2A-2C ). Some authors suppose that diminished GABAergic tone or even depolarizing action of GABA [36] [37] [38] may explain acute convulsant action of ammonia [39, 40] . Observed difference in calcium handling between ammonia and bicuculline means that ammonia implicates different mechanism for activation of neural networks. Moreover drastic increase in neuronal calcium handling, which appeared at hyperammonemic conditions, Ammonia transforms discharge patterns of spontaneously firing cells into strong burst firing. Comparison with bicuculline. Fig 3 shows a whole cell current clamp recording of spontaneously firing neurons. These firing regimes may be classified into two distinct types: a. irregular sparse neuronal firing with single action potential (AP) or neuronal firing of a trains of AP without prominent membrane depolarization (Fig 3A; left side of record, before ammonia application);
b. regular or irregular bursting of AP with visible (up to 3 mV) neuronal membrane depolarization (Fig 3B; left side of record, before bicuculline application).
Irrespective of initial dynamic state of the network, ammonia transforms silent or spontaneously active network into networks, generating: rhythmic bursting of AP, registered in selected cells after ammonia application (Fig 3A; right side of record), and fast synchronous impulseshaped Ca 2+ -oscillations, observed in most cells in cultures studied (Fig 2A, 2B and 2C ; right sides of records). Fig 3A also shows, that the activation of spontaneously active networks by NH 4 Cl, leads to a slight depolarization of resting neuronal membrane potential (about 3-5 mV, dotted line), paired with the emergence of a regime, characterized by the generation of high-amplitude bursts, with 25-35 mV depolarization at plateau phase of potential.
It is well known, that burst-like firing regimes may be induced by various manipulations, including network «disinhibition», caused by the application of GABA(A) and/or glycine receptors antagonists [53, 54] .
In our experiments ammonia strongly depolarize neuronal cells at plateau phase of potential ( Fig 3A) in comparison with the action of bicuculline (Fig 3B) . This drastic difference in the effects produced, again highlights the involvement of different mechanisms of networks activation by both agents.
It is obvious, that observed 25-35 mV increase in neuronal potential in the cells performing burst firing, determines raised calcium (and overall ionic) load in whole network at hyperammonemic conditions.
Characteristics of Network at Long Lasting Application of 5-6 mM NH 4 Cl
Appearance of «run out» cells. Our networks display temporal changes in Ca (Fig 4A and 4B ; Time box (I)). Here frequency f max corresponds to maximum amplitude A max at A-f spectra. Application of ammonium ions accelerates firing regime, rises f max from about 0.01 Hz (Fig 4C; f max ) to 0.13 Hz (Fig 4D; f max ) soon after ammonia application. The frequency f max diminishes to about 0.1 Hz after long lasting application of ammonium ions (Fig 4E and 4F; f max ) . Observed broadening of A-f spectra (Fig 4E and 4F ) may indicate on diminished gain of negative feedback in the network [55] . At a moment we might only speculate that small population of «run out» cells, which may belong to one of subtypes of interneurons, lost its negative feedback control in network and this is reflected in broadening of A-f spectra.
Alterations in intracellular pH and temporal changes in Ca 2+ -oscillations. It is well known that besides its possible actions on groups of receptors and channels, ammonia may (Fig 2) and the appearance of «run out» cells (Fig 4B) , ammonia leads to appreciable increase of Ca 2+ in one population of monitored astrocytes (66%) (Fig 5B, gray line) and in chaotic spiking phenomena in the rest of these cells (34%) (Fig 5B, black line) . Taken together, these results and those presented earlier (Fig 1F) Fig 6C. In the beginning of experiment, before ammonia application, short-term test of 35 mM KCl was applied to the network with the aim to discriminate the cells by the types of their responses. Some part of cells (10-12%) responded to KCl by fast calcium spikes (S2 Fig, trajec Fig, trajectory 4) .
and 4B. Dotted lines on A-f spectra correspond to 95% of cells with typical calcium response to NH 4 Cl (Fig 4A) . Continuous lines correspond to 5% of «run out» cells (Fig 4B) . SEM values are given for amplitudes deviations from average values and indicated by vertical bars. Maximal frequencies (f max ) corresponding to maximal amplitudes are presented on the spectra. Comparing voltage and calcium trajectories we may observe some accordance between calcium responses of both types of cells to depolarizing KCl test and to AP bursts. In «run out» cell, time-period of Ca 2+ rise is determined by the width of action potential burst and slow Ca 2+ decay continues over all time of inter burst interval (Fig 6A and 6B ). Representative cell (Fig 6C) , demonstrates faster Ca 2+ rise, keeps some kind of calcium plato till the end of potential burst and demonstrates fast decrease of intracellular Ca 2+ within inter burst interval. Preliminary we might suppose that ammonia affects different populations of neurons implicating distinct mechanisms and separating most vulnerable groups of cells, like «run out» cells, that may belong to one the subtypes of interneurons. 
Involvement of Ionotropic Receptors in the Control of Neuronal Network Accelerated by Ammonium Ions
It is widely recognized that ammonia toxicity is closely related to the activation of glutamate ionotropic NMDA-receptors (by yet unknown mechanism), due to fact that blockade of this receptor may delay or even prevent animal death at hyperammonemic conditions [25, 26] . Direct proof of such activation is still absent.
Synergy of NMDA and ammonia. Some authors defend the idea that network bursts may depend on recurrent excitation in the network [58] . In order to eliminate the influence of network activity on the effect of ammonia in individual neurons, we used also the culture of young cells (5-7 DIV), having no branched synaptic contacts (Fig 7) . At 1 mM of Mg 2+ in the incubation medium, low concentrations of NMDA or ammonium ions cannot activate silent neurons (Fig 7A) . Combined application of 4 mM NH 4 Cl and 10 μM NMDA bring about to Ca 2+ -oscillations or bursting in the single cells (Fig 7A) . These effects of mutual potentiation, demonstrate synergistic action of ammonium ion and NMDA on ionotropic NMDA receptors.
KCl (5 mM) depolarizes neuronal membrane to 10 mV and also potentiates the effect of NMDA (Fig 7B) . This potentiating effect may involve another mechanism, based on removal of magnesium block of NMDA receptors.
Implication of NMDA and AMPA/kainate receptors in the activation of the neural network by ammonia. The antagonists of NMDA and AMPA receptors 5S,10R)-(+)-5-Methyl-10,11-dihydro-5H-dibenzo[a,d]cyclohepten-5,10-imine hydrogen maleate (MK-801) (Fig 8A) and 1,2,3,4-Tetrahydro-6-nitro-2,3-dioxo-benzo[f]quinoxaline-7-sulfonamide disodium salt hydrate (NBQX) (Fig 8B) immediately suppressed neuronal network firing activated by ammonium ions. These results show that both types of glutamate receptors participate in the mechanisms of neuronal activation and bursting phenomena produced by NH 4 Cl.
Excessive activation of AMPA/kainate receptors by domoic acid (DA) suppresses oscillatory regimes in whole network (Fig 8C) . This may indicate an important role of AMPA/kainate receptors in the modulation of the network activity accelerated by ammonia. The antagonist of AMPA/kainate receptors, NBQX, which acts competitively with respect to DA, diminished the gain produced by DA on AMPA/kainate receptors, restored the balance of positive and negative loops operating in the network and renewed high-frequency oscillations, previously destroyed by DA. This is reflected by reappearance of sustained Ca 2+ oscillations in most cells in network (Fig 8C) and may confirm important role of AMPA/kainate receptors in the tuning of the network activity, accelerated by ammonium ions. Operation of GABA(A)-and glycine receptors-dependent negative feedbacks in the presence of ammonium ions. Phenomena of fast acceleration of neuronal network firing produced by ammonia, is preserved in the presence of GABA(A) receptor antagonist bicuculline. Ammonia further boosts neuronal firing in the circuit disinhibited by bicuculline ( Fig  8A) . This clearly shows that possible «disinhibition phenomena» [36, 37] , or expected «shunt-ing» effect of chloride current [55, 58, 59] , are not implicated in the observed immediate network overexcitation produced by ammonium ions. The same conclusion is true for glycinergic negative feedback. Glycine-the principal transmitter released by glycinergic interneurons, may also participate, like GABA, in the control of neuronal firing [60] . It is known that long lasting application of ammonia slowly suppressed and then transformed hyperpolarizing GABA and glycine mediated action into depolarizing [38] . On the contrary, in our experiments, glycine, activating chloride influx, effectively slowed down network firing initially accelerated by ammonium ions (Fig 8D) . According to these results we might suppose that both negative feedbacks may operate, at least on short time intervals, and are not modified substantially in the presence of ammonia excess.
As follows from Fig 8B and 8C , neuronal firing accelerated by ammonium ions, is still preserved in the network, in which GABA(A) receptors were switched off and AMPA/kainate receptors were partially suppressed. These results also may confirm the core role of NMDA receptors in the mechanisms implied in the activation of neural networks by ammonia. Thus, we can conclude that the activation of neural network by NH 4 Cl involves (as first step in complex process) the activation of NMDA and AMPA/kainate receptors and do not produce marked changes of neuronal resting membrane potential and modulation of GABA(A) and glycine receptors signaling.
Control of Neural Network Activity by Inhibitory Pre-and/or Postsynaptic Metabotropic Receptors is Preserved in the Presence of Ammonium Ions
It is well known that numerous pre and/or postsynaptic receptors are implicated in fine tuning and feedback and feed forward control of neural networks [61] . We have to expect that metabotropic: glutamate Type II (mGLURII), α2-adrenergic, m2,4-muscarinic, cannabinoid receptor type 1 (CB1) and D2,4-dopamine receptors, being involved in feedback control of specialized neural circuits in different brain areas, may also participate in the control of network activated by ammonium ions. Here we will focus only on some widespread negative feedbacks.
In our experiments, the application of various agonists, implicating G i -protein coupled inhibitory pre and/or postsynaptic receptors, may markedly suppress the hyperexcitation of the neural networks, produced by NH 4 Cl (Fig 9) , by damping the firing of most cells.
Functioning of mGLURII glutamate receptors. Activation of mGLURII glutamate receptors was shown to inhibit various neurotransmitters release in different brain areas [62, 63] . The agonists of these receptors have shown promise in the treatment of different brain disorders [64] [65] [66] . Natural neuropeptide neurotransmitter N-acetyl-aspartyl-glutamate (NAAG), activating mGluRII receptors, may be involved in negative feedback control of pyramidal cells ([67-70; but see [71] ). As it shown on Fig 9A NAAG suppresses the hyperexcitation of neural network caused by ammonium ions. Inhibitory effect on neuronal firing is developed within several minutes. This result clearly indicates that mGLURII glutamate receptors participate in the control of neural networks even at excess of ammonium ions. This means that the agonists of mGLURII glutamate receptors potentially may be used in the treatment of acute episodes of HE.
Operation of CB1 cannabinoid receptors. It is known that cannabinoids, acting on presynaptic inhibitory receptors (CB1-type), may control excitatory glutamatergic [72] and inhibitory GABAergic synaptic transmission [73] . In our experiments cannabinoid (R)-(+)-Methanandamide (mAEA) counteract the effect of ammonium ions, slowing down the neuronal firing within several minutes (Fig 9B) . We might speculate that due to combined action of cannabinoids on principal cells and interneurons, their inhibitory effect developed slowly and resulted in lowering of the frequency without damping the amplitude of calcium oscillations. Implication of α2-adrenergic receptors in the control of networks operation. The modulation of the activities of pre/postsynaptic α2-adrenergic receptors may also be implicated in the control of neural networks [74, 75] . This kind of feedback control is widely used for the treatment of cognitive disorders [76, 77] . In our experiments suppression of network firing by the agonists of α2-adrenergic receptors 5-Bromo-N-(2-imidazolin-2-yl)-6-quinoxalinamine (UK 14304), is preserved in the presence of an excess of ammonia (Fig 9C) .
All results presented above indicate that there is no marked influence of NH 4 + on the activities of inhibitory metabotropic receptors in the networks affected by ammonium ions. This also means that pharmacological correction of hyperactivation of a neural network may be effectively managed using agonists of inhibitory pre/postsynaptic receptors of various types, including glycine and GABA receptors.
Protective Effects of L-Arginine and Methylamines
Among a large number of remedies, which have been tested in clinical practic and on animal models of hyperammonemia, L-arginine and the methylamines can be identified as the means combining ammonia lowering effects and neuroprotective activities. Below we demonstrate some impact of these substances on neural networks activated by ammonium ions.
Protective effect of L-arginine. L-arginine, being the substrate of NO-synthetases and intermediate of urea cycle in liver, also may work as weak α2-adrenoreceptors agonist in various types of cells [77, 78] . In neural network, activated by ammonium ions, the effect of L-arginine is more complex (Fig 10A and 10B) , than immediate action of α2-adrenoreceptors agonist UK 14304 (Fig 9C) . This effect of L-arginine seems to be dependent on combination of positive and negative feedbacks in corresponding network, which is determined by the expression of various proteins. High concentrations of L-arginine may produce slow decrease of frequency and amplitude of Ca 2+ -oscillations in 20% of cultures (Fig 10A) or an abrupt suppression of neuronal firing in 80% of cultures (Fig 10B) .
Protective effects of methylamines. It has long been known, that some of methylamines: L-carnitine, choline, betaine, etc. may act as partial protectors of acute ammonia toxicity on animal models of hyperammonemia [5, 79, 80] and on cellular cultures in vitro [81] [82] [83] .
Under our experimental conditions the application of acetyl-L-carnitine produced variable effects on networks, activated by NH 4 Cl. In most of studied cultures, acetyl-L-carnitine slowly diminished firing activity (Fig 10D) . On the contrary, L-carnitine (Fig 10C) and betaine ( Fig  11A) immediately and totally suppressed neuronal hyperactivation induced by ammonium ions. There is no additive effect of sequential applications of L-carnitine and betaine, or of acetyl-L-carnitine and betaine ( S3 Fig). This may indicate some kind of similarity in the mechanisms of their actions.
It was supposed that all above mentioned methylamines have cholinergic muscarine-like action [81] [82] [83] and osmoprotective effect [61, 84, 85] . It was also shown that betaine promotes Ca 2+ -oscillations in adipocytes, acting via m3 muscarinic acetylcholine receptors [86] . Taking all this into account we might expect muscarine-like effect of some methylamines on neuronal circuits.
Observed suppressant effects of compounds tested, persist in the presence of the antagonists of m1, m2 or m3 muscarinic acetylcholine receptors (S4 Fig), though the forms of responses are modified and suppressant effects are developed with some delay. This clearly shows that α2-adrenoreceptors-UK14304 (100 nM, Fig B) and of cannabinoid CB1-receptors-mAEA (300 nM, Fig C) . On Fig B the medium contained 10μM of bicuculline. N = 121 (for Fig B) . N = 108 (for Fig C) the effects of methylamines on neural circuits may be associated not only with their possible action on muscarinic cholinergic receptors, but also with some other mechanisms.
GABA-like action of betaine. Fig 11A shows that betaine suppress NH 4 Cl-induced Ca 2+ oscillations in neuronal network. The disappearance of betaine effect, observed in the presence of bicuculline (Fig 11B) , means that the effect of betaine may be associated with the modulation of: the activity of GABA interneurons, or of GABA receptors, or of GABA content in medium. It is known that one of GABA carriers, operating in neurons and astrocytes (betaine-GABA transporter), is capable to transport betaine as well [87] . Taking this into account we can assume that betaine decrease GABA reuptake by astrocytes, which will cause the accumulation of GABA in extracellular environment and tonic activation of GABA receptors. It is known that Cl -concentration gradient is inverted in young neurons. Activation of GABA(A) receptors in this case causes neuronal depolarization and Ca 2+ entry into cells. Using young neuronal cultures (5 DIV) with inverted operation of Cl -channels, we have shown that GABA and betaine induces an increase in Ca 2+ in most of these neurons (Fig 12A and   12C ). The responses to GABA allow to distinguish two types of cells which generate either Ca 2+ -spikes (Fig 12A) or the combination of Ca
2+
-spike and Ca 2+ -plateau (Fig 12C) . The response to betaine looks like the second type of GABA response, in which Ca
-spike and plateau phase are present (Fig 12A and 12C) . Following application of bicuculline abolishes the effect of betaine.
In some neuronal cultures (7 DIV) , in the cells with inverted operation of GABA(A)-dependent chloride channels, both compounds GABA and betaine effectively suppress spontaneous rhythmic activity (Fig 12B and 12D ). This effect apparently may be related to known «shunting effect» of depolarizing chloride current [55, 58, 59] and inhibitory action of GABA and glycine on the neurons of newborn animals [88] or, on the contrary, to excessive amplification of positive feedbacks by depolarizing chloride currents. All these results once again support the hypothesis on GABA-like action of betaine.
Having all this as the background we might also suppose that observed suppressant effects of methylamines: L-carnitine, acetyl-L-carnitine, choline, betaine, etc. on neuronal networks hyperactivated by ammonia, may involve the modulation: of GABA concentration in the extracellular medium or/and of GABA receptors activity; muscarinic cholinergic receptors activities and/or some other mechanisms.
Discussion
Toxic level of ammonia and transformation of neuronal network activity
It is known that at acute episodes of HE in man registered level of ammonia in blood may rise up to 1.5 mM [89] . On animal models of hyperammonemia arterial and venous concentrations of NH 4 + at its nadir may exceed 2-3 mM [4, 5] . At ALF brain ammonia concentration may be 3-6 times higher than in blood [16, 89] and in coma stages it may attain 5 mM [4, 5, 16, 89] . Such pathological concentrations are usually used in numerous acute experiments on isolated cells, slices or cell cultures. Our neuronal networks (Fig 1A) do not respond immediately to low concentrations of NH 4 Cl (about 0.1 mM). Higher concentrations of NH 4 Cl (1-3 mM) may evoke temporal activation of networks, producing one or several bursts of Ca 2+ -oscillations (Fig 1B, 1C and   1D ). It is known, that application of such concentrations of ammonia requires long time of expositions (up to 24 hours) to have reproducible stable effects on the activation of neuronal network in vitro [43] . Application of 5-6 mM NH 4 Cl immediately evokes neuronal potential burst firing and accelerates Ca 2+ -oscillations in all cells implicated in our networks ( Figs 3A, 4 and 6) . However, for part of experiments, we selected rather high concentration of NH 4 Cl equal to 8 mM, to have stable reproducible effects and to show, that negative feedback control in network is still preserved and operates at such conditions. (Fig B, D) . Initial parts were omitted for simplicity. -level in all neurons implicated in network (Fig 2A, 2B and 2C ). Significant increase in Ca 2+ -load is followed by the appearance of «run out» cells with steadily raised Ca 2+ -concentrations and diminished amplitude of oscillations (Fig 4B, time point after 2000 s) . This may indicates that ammonia affects different populations of neurons, comprising distinct mechanisms and separating most vulnerable groups of cells, which may be responsible for further disturbances in network activities. Ammonia also increases astrocyte Ca 2+ -signalling, inducing elevation of intracellular Ca 2+ -level (Fig 1D) , or sustained rise of Ca 2+ -level, combined with sporadic spiking or chaotic Ca 2+ -oscillations in various groups of cells ( Figs 1D and 5B). These stages of astrocyte «syncytium» do not correlate directly with neuronal network activities. Both these processes are apparently interconnected, but direct links are not obvious yet, especially at acute action of ammonia on short time intervals. Such perturbations in intracellular Ca
2+
-homeostasis may be responsible for chain of events determining the progress of ammonia induced neurotoxicity, including overactivation of various Ca 2+ -dependent processes in both types of cells [22, 30, 31] , accumulation of ROS, NO and dysregulation of NO-cGMP signaling pathways [25, 26] , alterations in glutamatergic and GABAergic neurotransmission and cellular death [90] .
Implication of ionotropic glutamate receptors in ammonia induced neurotoxicity
Excessive NMDA receptors activation by ammonium ions is considered as a main contributor, leading to initial Ca 2+ accumulation in neural cells [22, 25] . Blockade of NMDA receptors delays animals death at hyperammonemic conditions [22, 25, 26] , what supports this notion. In our neural networks blockade of NMDA receptors suppresses neuronal firing accelerated by ammonium ions (Fig 8A) , what also corresponds to known results. Similar inhibition of network firing may also be produced by the blockade (Fig 8B) or, vice versa, by over activation of AMPA/kainite receptors (Fig 8C) . Apparently this over activation AMPA/kainite receptors depolarizes most of the cells implicated in the network and switches the system into the state with high intracellular calcium. Taking all this into account we might suppose that AMPA/kainate receptors play important role in the tuning of the networks, accelerated by ammonium ions. Apparently some other mechanisms determining neuronal membrane depolarization at plateau phase of potential may also underlie corresponding over activation of neuronal NMDA receptors.
Potential mechanisms of bursting
Burst-like firing regimes in the neurons of various types may be observed after substantial membrane depolarization produced by depolarizing currents; after the application of NMDA (AMPA) receptors agonists and of some potassium or of nonselective cation currents antagonists [91] [92] [93] [94] [95] [96] , or at activity dependent depolarizing action of inhibitory transmitter GABA [59] . Ammonium ions and trimethylamine may cause burst firing by inhibiting the medium and slow afterhyperpolarizations [97] . Burst-like regimes may also be induced by «disinhibi-tion», caused by the application of GABA(A) and/or glycine receptors antagonists [53, 54] . However, in comparison with the effect of ammonia, «disinhibition» produced by bicuculline is not characterized: by substantial neuronal membrane depolarization at plato phase of potential ( Fig 3B) ; by acceleration of Ca 2+ -oscillations and by rise in VCi (Fig 2D) . Ammonia apparently implicates drastically different mechanism. Further studies, combined with mathematical modeling, seems to be required to determine the group of channels and transporters, which may be affected by ammonium ions and underlie burst firing under hyperammonemic conditions. At a moment we may only speculate that neural networks are robust with respect to bursting phenomenon. Several different configurations of current and receptor activities might be responsible for appearance of such regimes.
Disinhibition phenomenon» and networks acceleration
Well-known suppression of GABA and glycine mediated responses by ammonia (i. e. «disinhi-bition phenomenon» [34, [37] [38] [39] [40] ) was used to explain acute convulsant action of ammonia [40] and the involvement of GABA(A) receptors blockade in myoclonus and convulsive seizures [34] . It was also shown that «shunting» inhibitory effect [58, 59] of depolarizing GABAdependent chloride current may result in acceleration and stabilization of network firing [55] .
Regarding possible «shunting» effect of chloride current, we have to assume that ammonium ions must set resting GABA chloride current potential within narrow limits of values to realize bidirectional «shunting» effect of depolarizing chloride current [55] . It is widely recognized that astrocytes play key role in the progress of HE, being considered as main targets and mediators of ammonia toxicity in the brain [29] [30] [31] [32] [33] [34] [35] . Beside «metabolic» toxic effects, resulting in deregulation of various metabolic and signaling systems, alterations in intracellular ion homeostasis in astrocytes is considered to be the second (if not first) hit in the development of acute HE. According to latest data astrocytes may also contribute to alterations of ionic homeostasis and «disinhibition phenomenon». As is known, ammonia may trigger elevation of sodium [98] and calcium [31, 33, 99] in astrocytes. Accumulation of ammonia in astrocytes may also impair astrocyte potassium buffering, with resulting accumulation of extracellular potassium, neuronal network disinhibition and the appearance of generalized clonic and tonic seizures [35] .
Our in vitro neural networks, accelerated by ammonium ions, do not display «disinhibition phenomenon». Ammonia further boosts neuronal firing in the circuits disinhibited by bicuculline (Fig 8A) . GABA, glycine and betaine effectively suppress the firing of networks accelerated by ammonium ions (Figs 8B and 11A ). This may denote that: «disinhibition phenomenon» [36] [37] [38] [39] [40] is not realized in the network studied and do not contribute to the networks acceleration; direct or indirect inhibitory (transforming) effect of ammonium ions on these receptors is absent, at least on short time intervals. Apparently some other currents (or channels) affected by ammonia may underlie the mechanisms responsible for the acceleration of neuronal circuits studied in our experiments.
Certainly neural networks grown on flat surfaces in cultures in vitro, might have some features distinct from those for cells packaged within the tissue in closed space of scalp and the results obtained must have some limitations in their interpretation. Nevertheless such simplified systems, devoid of the complexity of whole organism, may be useful for the study of the mechanisms of toxic action of ammonia, which are yet not studied properly.
Preserved negative feedback control and potential neuroprotective strategies
Obtained results demonstrate that negative feedback control of neural networks, based on functioning and activation of ionotropic GABA(A) and glycine receptors (Fig 8C) and of metabotropic pre-and/or postsynaptic inhibitory receptors (of type II glutamate, α2-adrenergic, CB1-cannabinoid, etc.) (Fig 9) is preserved at hyperammonemic conditions. Acceleration of neuronal networks by ammonium ions may be effectively damped up by the application of glycine (Fig 8C) , by the agonists of inhibitory metabotropic receptors (Fig 9) , as effectively as it is inhibited by the antagonists of NMDA (Fig 8A) and AMPA/kainate receptors (Fig 8B) .
L-arginine, L-carnitine, acetyl-L-carnitine and betaine also demonstrate visible neuroprotective effects, suppressing the activities of networks activated by ammonium ions (Fig 10) .
Not excluding possible action of methylated compounds on cholinergic muscarinic receptors, betaine and related compounds presumably may tonically suppress (brake) accelerated networks, by modulating the activities of GABA receptors or GABA level in the interstitial space (Figs 10 and 11) . Finally all this means that various agonists (natural chemical compounds) related for example to classes of guanidines and methylamines (Figs 10 and 11) , might be used to strengthen negative feedbacks and to slow down (or to brake) neuronal networks accelerated by ammonium ions.
Conclusions
These results provide the background for the idea that primary and secondary toxic effects of ammonium ions, related to over activation of NMDA receptors (by yet unknown mechanism) and modulation of other yet unknown targets in neural networks, may be effectively prevented by reinforcing feedback control of neural networks, based on functioning of various inhibitory receptors in the system (i.e. by braking of the networks).
Supporting Information 
